Chondroitin sulfate (CS) chains regulate the development of the central nervous system in vertebrates and are linear polysaccharides consisting of variously sulfated repeating disaccharides, n , where GlcUA and GalNAc represent D-glucuronic acid and N-acetyl-Dgalactosamine, respectively. CS chains containing D-disaccharide units [GlcUA(2-O-sulfate)-GalNAc(6-O-sulfate)] are involved in the development of cerebellar Purkinje cells and neurite outgrowth-promoting activity through interaction with a neurotrophic factor, pleiotrophin, resulting in the regulation of signaling. In this study, to obtain further structural information on the CS chains containing D-disaccharide units involved in brain development, oligosaccharides containing D-units were isolated from a shark fin cartilage. Seven novel hexasaccharide sequences,
Introduction
Chondroitin sulfate (CS) chains are covalently attached to various core proteins forming proteoglycans (PGs), which are ubiquitously distributed at cell surfaces and in extracellular matrices (Kjellén and Lindahl 1991; Iozzo 1998; Sugahara et al. 2003) . CS PGs play roles through the CS side chains in a variety of biological processes such as cell adhesion, proliferation, tissue morphogenesis, neurite outgrowth promotion, viral infection and regulation of the signaling of various growth factors and cytokines Sugahara and Mikami 2007; Handel et al. 2005; Bülow and Hobert 2006) .
The backbone of CS chains is composed of repeating disaccharide units, consisting of D-glucuronic acid (GlcUA) and N-acetyl-D-galactosamine (GalNAc; Sugahara et al. 2003) . Differences in the sulfation pattern give rise to a variety of disaccharide units including A-units [GlcUAβ1-3GalNAc(4S)], B-units [GlcUA(2S)β1-3GalNAc(4S)], C-units [GlcUAβ1-3GalNAc(6S)], D-units [GlcUA(2S)β1-3GalNAc(6S)] and E-units [GlcUAβ1-3GalNAc(4S,6S)], where 2S, 4S and 6S represent 2-O-, 4-O-and 6-O-sulfate groups, respectively Sugahara and Mikami 2007) . Recent studies have revealed that C-, D-and E-units in CS chains are involved in bone formation (Thiele et al. 2004; van Roij et al. 2008; Tuysuz et al. 2009 ), neuritogenesis , and the entry of herpes simplex virus/tumor metastasis (Bergefall et al. 2005; Uyama et al. 2006; Li et al. 2008; , respectively, suggesting that the specific sulfation patterns of CS chains are involved in pathological conditions and developmental changes and result in not only the structural but also the functional diversity of CS chains through interactions with distinct effector proteins.
Immunostaining of the brain sections of developing mice with a monoclonal antibody (mAb), , and a phage display Ab, GD3G7, which predominantly recognize D-and E-units, respectively (Yamagata et al. 1987; Ito et al. 2005; Purushothaman et al. 2007; ), has revealed similar staining profiles to those of the transcripts of the corresponding sulfotransferases Sugahara and Mikami 2007) . Further, the epitopes recognized by are expressed between Purkinje cell surfaces and the processes of Bergmann glia in the cerebellum (Shimazaki et al. 2005) and at the membrane surfaces of retinal axons (Ichijo 2006) . The epitope structure of MO-225, in addition to that of GD3G7, CS-56 and 473HD, has also been characterized in detail using oligosaccharide microarrays of structurally defined CS oligosaccharides (Ito et al. 2005; ).
DSD-1-PG (also known as phosphacan) exhibits neurite outgrowth-promoting activity toward cultured rodent hippocampal neurons (Faissner et al. 1994 ). In addition, we have demonstrated that CS/dermatan sulfate (DS) hybrid chains isolated from the embryonic pig brain (E-CS/DS) exhibit stronger neuritogenic activity than the CS/DS chains from adult pig brain toward cultured mouse hippocampal neurons (Bao et al. 2004) , and that the activity is mediated through the capture of pleiotrophin (PTN; Bao, Mikami, et al. 2005) , which is a secreted heparin-binding growth factor originally isolated from the brain, and possesses mitogenic and neuritogenic activities (Rauvala 1989) . Furthermore, a series of PTN-binding octasaccharides have been isolated using a PTN-immobilized affinity column after the partial fragmentation of E-CS/DS chains . Interestingly, all the binding octasaccharides, ΔC-C-D-C; ΔA-C-D-C; ΔC-A-D-C; ΔD-C-D-C; ΔC-D-D-C and ΔE-D-A-D, where A, C, D and E represent the disaccharide units (see the second paragraph), contain at least one D-unit , which is a rare unit representing only a small percentage (1.7%) of all the disaccharides in the brain (Bao, Mikami, et al. 2005) , indicating molecular interactions between CS domains with specifically modified structures such as D-units and effector proteins such as PTN to regulate the neuritogenesis of cerebullar neurons. Thus, individual functional proteins recognize a set of multiple overlapping oligosaccharide sequences but not a single sugar sequence, for which the term "wobble CS/DS oligosaccharide motifs", which induce respective signalings, has recently been proposed (Purushothaman et al. 2012) .
In the present study, to further investigate the roles of functional sequences containing D-units in brain development, chondroitinase AC-I, which cannot act on these sequences (Yoshida et al. 1993) , was utilized to isolate oligosaccharides from CS chains rich in D-units of a shark fin cartilage. The binding activity of mAb MO-225 to these sequences was also evaluated.
Results
Disaccharide composition of the CS preparation from shark fin cartilage First, to determine the disaccharide composition, the CS preparation from shark fin cartilage (0.5 µg as uronic acid) was digested with chondroitinase ABC. The resultant digest was labeled with 2-aminobenzamide (2AB), subjected to anionexchange high performance liquid chromatography (HPLC) and analyzed by comparison with authentic 2AB-labeled disaccharides. The abundant components of the CS preparation were ΔC, ΔA and ΔD (49, 32 and 15%, respectively; Table I), which was consistent with previous observations (Kinoshita and Sugahara 1999) , although small yet significant proportions of ΔO, ΔE and ΔT were detected (Table I) . Interestingly, a small proportion of ΔB units (0.4%) was also detected (Table I) .
Preparation and isolation of chondroitinase AC-I-resistant hexasaccharides
The CS preparation (300 mg) derived from the shark fin cartilage was exhaustively digested with chondroitinase AC-I and size-fractionated by gel filtration chromatography on a Bio-Gel P-10 column, and the separated fractions were designated as fractions I-IV ( Figure 1A ). Fractions III and IV mainly contained disaccharides as analyzed by anion-exchange HPLC (data not shown). Fraction II contained the trisulfated tetrasaccharide, ΔHexUA-GalNAc(4-O-sulfate)-GlcUA(2-O-sulfate)-GalNAc(6-O-sulfate) (ΔA-D), as the predominant component, as identified by 1 H-NMR spectroscopy (Supplementary data, Figure S1 and Table SI) . Fraction I mainly contained hexasaccharides, which accounted for approximately 1.1% (w/w) of the initial CS preparation. An aliquot (540 nmol) was subfractionated by anion-exchange HPLC into fractions Ia-Ig as shown in Figure 1B . The amount and purity of the subfractions Ia-Ig are listed in Table II . The CS preparation (0.5 µg as uronic acid) from shark cartilage was digested with chondroitinase ABC, and the digest was labeled with 2AB and analyzed by anion-exchange HPLC for the identification and quantification of each disaccharide product as described in "Materials and methods". a The amounts were obtained from 0.5 µg of shark cartilage CS (as uronic acid). b Peak areas of the respective disaccharides on HPLC were integrated to calculate the molar amounts. c Sulfation degree was expressed as the molar ratio of sulfate to disaccharide.
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Delayed extraction matrix-assisted laser desorption ionization time-of-flight mass spectrometry (DE MALDI-TOF/MS) The sugar composition and the number of sulfate groups of subfractions Ia-Ig were determined by matrix-assisted laser desorption ionization time-of-flight mass spectrometry (MALDI-TOF/MS) using a basic peptide (Arg-Gly) 15 to prepare a noncovalent complex (Juhasz and Biemann 1995) . The mass spectrum of fraction If is shown in Figure 2 as an example. The molecular mass of the component in fraction If was calculated to be 1538.3 by subtracting the measured m/z value of the protonated peptide (m/z 3214.6) from that of the protonated peptide/hexasaccharide complex (m/z 4752.9; Figure 2 ), which corresponded to a pentasulfated hexasaccharide (Table III) . Likewise, the sugar composition and the number of sulfate groups in other subfractions were also determined, which are summarized in Table III . The calculated mass of these fractions corresponded to a tetra-, pentaor hexasulfated hexasaccharide as summarized in Table III . Since the H-1 resonances of βGalNAc, the H-2 resonances of 2-O-sulfated GlcUA residues and the H-4 resonances of 4-O-sulfated GalNAc residues were hidden under the HOD signal when recorded at 26°C, the spectra were also recorded at 60°C as shown in the insets of Figure 3 . The proton chemical shifts were assigned based on the 1D and 2D COSY spectra and are summarized in Table IV .
500-MHz
Anomeric proton signals of GalNAc, GlcUA and L-iduronic acid (IdoUA) residues in unsaturated CS and DS hexasaccharides are observed at around 4.4-5.5 ppm (Sugahara, Nadanaka, et al. 1996; Yamada et al. 1998; Mikami et al. 2003) . O-Sulfation causes downfield shifts of protons bound to the O-sulfated carbon atoms by approximately 0.4-0.7 ppm (Yamada et al. 1992 ). In the spectrum of fraction Ib ( Figure 3A) , all of the internal uronic acid residues were confirmed as GlcUA based on the chemical shifts (δ 4.530 and 4.72) and the coupling constants J 1,2 (8.5 and 8.0 Hz) of the anomeric proton signals since those of βGlcUA and αIdoUA in CS and DS are observed at around δ 4.5-4.7 and 4.9-5.2, respectively (Bossennec et al. 1990; Sugahara et al. 1994) , and the J 1,2 of βGlcUA and αIdoUA of CS and DS have been reported to be 8.0 and 3.0 Hz, respectively (Gatti et al. 1979; Sugahara, Tanaka, Yamada, Seno, et al. 1996) . The H-2 signal of the GlcUA-4 residue (δ 4.11) was shifted downfield compared with that of the GlcUA-2 residue (δ 3.405) ( Figure 4A ), suggesting that GlcUA-4 but not GlcUA-2 was 2-O-sulfated. The H-1 signals found at δ 4.56 and 4.674 ppm were assigned to GalNAc-3 and GalNAc-5, respectively. Connectivity between the H-3 and H-4 protons at δ 4.67 ppm was found in the COSY spectrum ( Figure 4A ). Furthermore, the C-4 position of the GalNAc-5 residue was judged to be sulfated based on enzymatic digestion followed by HPLC (Table V) . Consequently, the H-1 signals of GalNAc-3 and GalNAc-5 were assigned as follows. Beginning with the H-1 signal of αGalNAc-1 at δ 5.205, a cross-peak showing connectivity between the H-1 and H-2 (δ 4.322) protons was found. The connectivity of H-2 to H-3 (δ 4.19) and then to H-4 Fig. 1 . Isolation of chondroitinase AC-I-resistant hexasaccharides from shark cartilage CS. (A) Gel filtration chromatography of the chondroitinase AC-I digest of shark fin CS. The CS preparation (300 mg) from the shark fin cartilage was exhaustively digested with chondroitinase AC-I, and the digest was fractionated by gel filtration on a column of Bio-Gel P-10 (1.6 × 95 cm) using 1.0 M NaCl in 10% ethanol as eluent. Each fraction (1.5 mL) was collected and the absorbance at 232 nm was measured. Fractions I-IV were pooled as indicated by horizontal bars. Fractions I and II contained the tetraand hexasaccharides, respectively. Fractions III and IV mainly contained disaccharides, which were determined by anion-exchange HPLC (data not shown). V 0 , void volume; V t , total volume. (B) Subfractionation of the chondroitinase AC-I-resistant hexasaccharide fraction I by anion-exchange HPLC. The hexasaccharide fraction obtained by size fractionation (in A) was separated into fractions a-g by anion-exchange HPLC on an amine-bound silica PA-03 column using a linear gradient of NaH 2 PO 4 as indicated by the "dashed line". Each isolated fraction was desalted by gel filtration on a column of Sephadex G-25 under the conditions described in "Materials and methods" and then subjected to structural analysis.
Novel hexasaccharides from shark chondroitin sulfate (δ 4.815) was sequentially established. Although no connectivity between H-4 and H-5 was detected, the H-5 signal (δ 4.24) was assigned in the 1D spectrum based on a comparison with the corresponding signals belonging to the hexasaccharides ( Figure 3A ; Sugahara, Nadanaka, et al. 1996 ). Crosspeaks of H-5 with the H-6 and H-6′ atoms were observed at δ 3.77 and 3.71, respectively, as indicated in Figure 4A . Likewise, other proton signals were assigned starting with the H-1 resonance of each sugar residue ( Figure 4A ). In addition, the signals at δ 4.19-4.22 ppm are characteristic of H-6 and H-6′ of βGalNAc showing 6-O-sulfation (Sugahara, Nadanaka, et al. 1996) and were assigned to those of GalNAc-3 since only this residue had been demonstrated to be sulfated at C-6 by enzymatic digestion (Table V) . Thus, the structure of the predominant compound in fraction Ib was identified as ΔA-D-A: ΔHexUAα1-3GalNAc(4S)β1-4GlcUA(2S)β1-3GalNAc(6S)β1-4GlcUAβ1-3GalNAc(4S). Although ΔA-D-A has been isolated previously from shark cartilage CS (Sugahara, Nadanaka, et al. 1996) , its 1 H-NMR spectrum was recorded for the first time in this report.
NMR analysis of the other fractions was also performed as described above, and the NMR data are summarized in Table IV , which revealed the hexasaccharide sequences of the major components in fractions Ic, Id and If, respectively as follows (Figures 3 and 4):
Anion-exchange HPLC of fractions Ic, Id and If
Although the hexasaccharide sequences of the major components in fractions Ib, Ic, Id and If were determined with both 1 H-NMR and MALDI-TOF/MS spectra, each fraction was further analyzed by enzymatic digestion with chondroitinases in conjugation with anion-exchange HPLC to confirm the results. To investigate the sequential arrangement of the disaccharides in each intact hexasaccharide, the hexasaccharide was tagged with 2AB at the reducing terminus. 2AB-labeled fractions Ic and If showed a single peak by HPLC analysis ( Figure 5A and E). In contrast, one major peak and two minor peaks were observed for the 2AB derivatives of fraction Id ( Figure 5C ), indicating the existence of the minor components ( 9%) in addition to the predominant component in fraction Id. Chondroitinase ABC or AC-II cleaves 2AB-labeled hexasaccharides into a 2AB-tetrasaccharide and a disaccharide, or a 2AB-disaccharide and two unlabeled disaccharides, respectively (Kinoshita and Sugahara 1999) . However, it was generally difficult to digest the 2AB-hexasaccharide and/or -oligosaccharide containing a 2-O-sulfated GlcUA moiety into disaccharides using chondroitinase AC-II ). Therefore, 2AB-labeled fraction Ic was digested with chondroitinase ABC, and the digest was labeled with 2AB again to determine the disaccharide unit at the nonreducing terminus and then subjected to anion-exchange HPLC. The 2AB-labeled chondroitinase digest of fraction Ic contained two 2AB derivatives, ΔA ( peak d) from the nonreducing terminus and the tetrasulfated tetrasaccharide ( peak e) Fraction I (540 nmol) was subfractionated by anion-exchange HPLC into hexasaccharide fractions a-g ( Figure 1B ). Each hexasaccharide fraction was digested with chondroitinase ABC, and the digest was labeled with 2AB and analyzed by anion-exchange HPLC for the identification and quantification of each disaccharide product as described in "Materials and methods". The purity of the major hexasaccharide in each fraction was assessed by anion-exchange HPLC after 2AB labeling on an amine-bound silica column and was calculated based on the peak area. Each hexasaccharide fraction (30 pmol) was mixed with an equimolar amount of a basic peptide (Arg-Gly) 15 followed by a matrix, 2,5-dihydroxybenzoic acid, and the spectrum was recorded in the positive ion mode. a m/z value of the protonated 1:1 complex of the hexasaccharide and the basic peptide (Arg-Gly) 15 . b Observed mass of each hexasaccharide obtained by subtracting the value for the observed (Arg-Gly) 15 (3216.6) from that for the protonated 1:1 complex. The theoretical masses calculated for the deduced structures. . The insets show the spectra recorded at 60°C. The "numbers" and "letters" refer to the corresponding residues in the structures. G, GalNAc; U, GlcUA; ΔU, ΔHexUA.
Novel hexasaccharides from shark chondroitin sulfate from the reducing side ( Figure 5B ). In addition, the component in fraction Ic consists of A [GlcUA-GalNAc(4S)] and D [GlcUA(2S)-GalNAc(6S)] units in a molar ratio of 1.0:2.1, according to the disaccharide composition analysis (Table II) . Hence, the tetrasaccharide on the reducing side of the hexasaccharide in fraction Ic should be a D-D sequence, which is resistant to the action of chondroitinase AC-I. It was concluded that the major component in fraction Ic has the saccharide sequence ΔA-D-D, based on the MALDI-TOF/MS spectrum (Table III) , 1 H-NMR data (Table IV) and HPLC data (Table II, Figure 5A and B). (Table II) . The 2AB-labeled chondroitinase ABC digest of Id-2AB showed 2AB-labeled ΔC ( peak f, 31.7%) as the major product from the nonreducing terminus and one major tetrasulfated tetrasaccharide-2AB ( peak e, 60.6%) from the reducing side ( Figure 5D ). Hence, fraction Id contained a hexasaccharide with the sequence ΔC-D-D (90.8%) as the major component and another unidentified hexasaccharide (9.2%) as a minor component. Sequencing of the chondroitinase AC-I-resistant hexasaccharides, Ia, Ie and Ig It was difficult to apply 2D proton NMR spectroscopy for the determination of the sequence of the major components in fractions Ia, Ie and Ig, which were obtained in limited amounts and/or as mixtures of two to three components giving complicating or lower-quality spectra, Hence, the approach of a combination of enzyme digestion and HPLC was used for these fractions as described above. While 2AB-labeled fraction Ie gave a single peak ( Figure 6A ), four disaccharide units were detected after chondroitinase ABC digestion followed by anion-exchange HPLC (Table II) , which yielded ΔA-(18.8%), ΔD-(40.9%) and ΔE-units (32.2%) as the major components in addition to ΔC-units (8.1%) as a minor component. In fact, fraction Ie contained two major components according to HPLC: chondroitinase ABC digestion released ΔD (8.1%) and ΔE (26.5%) from the nonreducing termini together with the predicted tetrasaccharides, ΔD-C (19.9%) and ΔA-D (or ΔD-A) (34.6%) from the reducing sides (Table V) . To discriminate the 2AB-labeled tetrasaccharide from the chondroitinase ABC digest, a co-chromatographic analysis was carried out. The authentic ΔD-C-2AB (Sugahara et al. 1994) but not ΔC-D-2AB ) co-eluted with peak e in Figure 6B (data not shown). To judge whether peak f in Figure 6B is ΔA-D or ΔD-A, the authentic tetrasaccharides isolated from fraction II (in this report) and fraction 7b (Sugahara et al. 1994 ) were Novel hexasaccharides from shark chondroitin sulfate used. However, the authentic ΔA-D-2AB and ΔD-A-2AB co-eluted when using a linear NaH 2 PO 4 gradient from 0.2 to 1 M over 70 min (data not shown). Hence, a shallow gradient was used to achieve their separation from 0.3 to 0.5 M NaH 2 PO 4 over 60 min (data not shown). Peak f in Figure 6B co-eluted with ΔA-D-2AB (data not shown). It was concluded that the sequences of the two major compounds in fraction Ie were ΔE-A-D and ΔD-D-C (Table VI) . Although the recoveries of disaccharides from the nonreducing sides were lower than those of tetrasaccharides from the reducing sides, it is most likely due to the lower efficacy of the second than first 2AB derivatization. See also the legend to Table V . Fraction Ig contained one major (83%) and two minor hexasaccharides ( Figure 6C ). The disaccharide composition analysis revealed that ΔD (43.2%) and ΔE (32.1%) were the major components, in addition to ΔA (10.8%), ΔB (3.3%) and ΔC (2.5%) as the minor components (Table II) . Digestion of fraction Ig-2AB with chondroitinase ABC yielded 2AB-labeled ΔE ( peak d) and ΔD-D ( peak h) from the nonreducing side and the reducing side, respectively ( Figure 6D ). The identity of peak h as ΔD-D-2AB not ΔB-D-2AB was confirmed by co-chromatography using the respective authentic compounds, which were isolated from chondroitinase ABC digests of fractions Ic-2AB and If-2AB, respectively (data not shown). Thus, the major component in fraction Ig was ΔE-D-D (77%). However, the sequences of the other two components, which contain ΔA and ΔD at the nonreducing terminus ( Figure 6D ), could not be determined due to limited amounts.
Fraction Ia was subfractionated by anion-exchange HPLC after 2AB derivatization into three distinct peaks designated as fractions Ia-1, Ia-2 and Ia-3, in a molar ratio of 38:20:42 (Supplementary data, Figure S2) . A chondroitinase ABC digest of each isolated subfraction showed ΔC, ΔO and ΔC from the nonreducing terminus, and ΔA-D, ΔD-D and ΔD-C, respectively, from the reducing side to be the major components (data not shown), which was confirmed by co-chromatography using respective authentic tetrasaccharides (data not shown). Thus, it was concluded that the sequences of the major component in fractions Ia-1, Ia-2 and Ia-3 contained ΔC-A-D, ΔO-D-D and ΔC-D-C, respectively.
Reactivity of the chondroitinase AC-I-resistant hexasaccharides with mAb MO-225
MO-225 is a useful mAb, which reacts with hexasaccharides containing an A-D-tetrasaccharide sequence (Yamagata et al. 1987; Ito et al. 2005) , and has been applied to neuroglycobiological studies Shimazaki et al. 2005; Ichijo 2006 ). Hence, interactions between the isolated oligosaccharide fractions and MO-225 have been investigated using the oligosaccharide microarray method (Fukui et al. 2002) . The reactivity of the mAb was tested with 2.5 pmol each of the chondroitinase AC-I-resistant hexasaccharides after derivatization with a fluorophore, N-aminoacetyl-N-(9-anthracenylmethyl)-1,2-dihexadecly-sn-glycero-3-phosphoethanolamine (ADHP), at the reducing end. Similar amounts of the fluorescent hexasaccharides were immobilized to the and If (ΔA-B-D), and weakly reacted with fraction Ie, which contained a mixture of ΔE-A-D (54%) and ΔD-D-C (28%; Figure 7B ). These results appear to indicate that the epitope structure of MO-225 contains at least ΔA-D or B-D sequence, which shares the trisulfated trisaccharide sequence GalNAc (4S)-GlcUA(2S)-GalNAc(6S) in common. Although the recognition of the ΔA-D and ΔE-D tetrasaccharide sequences has been previously reported (Yamagata et al. 1987; Ito et al. 2005; , and they contain the above trisaccharide sequence, the recognition of ΔA-B or B-D tetrasaccharide sequences is a novel finding. In contrast, MO-225 did not bind to ΔC-D-D in fraction Id, suggesting that it cannot bind to the ΔC-D or D-D sequence either ( Figure 7B ). However, it should be noted that the conformation and electrostatic potential distribution of oligosaccharides are also critical to recognition by antibodies (Blanchard et al. 2007; Pothacharoen et al. 2007) . Also notably, ADHP-labeling causes a disruption of the sugar ring of the GalNAc residue at the reducing end.
To further verify the reactivity and concentration dependence of hexasaccharides, enzyme-linked immunosorbent assay (ELISA) was performed to analyze the interaction of each hexasaccharide fraction with varying concentrations toward MO-225 (Supplementary data, Figure S3 ). Each hexasaccharide fraction was treated with a biotin-hydrazide to modify with biotin at the reducing terminal to obtain a hexasaccharide-biotin. Each biotinylated oligosaccharide fraction was immobilized onto a streptavidin-coated 96-well plate, and ELISA was performed using Figure S3 ). However, fraction Ib (ΔA-D-A), which also showed a strong reactivity to MO-225 in the oligosaccharide microarray method (Figure 7 ), showed only a faint reactivity in the ELISA (Supplementary data, Figure S3 ). This discrepancy might be dependent on the different labeling methods using ADHP and biotin, or other unknown factors, which remain to be clarified. Table V . Sequencing analysis of the components in each chondroitinase AC-I-resistant hexasaccharide subfraction by digestion with chondroitinases ABC and AC-II Fractions 2AB derivatives of di-, tetra-and/or hexasaccharides detected in Chondroitinase ABC digest (mol%) Chondroitinase ABC digest followed by the second 2AB derivative (mol%) Fractions Ia-Ig were individually labeled with 2AB at the reducing terminus and exhaustively digested with chondroitinase ABC. Peaks in each digest were identified and quantified by anion-exchange HPLC on an amine-bound silica column (left panel). An aliquot of each digest was further labeled with 2AB and analyzed by anion-exchange HPLC to determine the nonreducing terminal disaccharide units of the major and minor components (right panel). Although the recoveries of disaccharides from the nonreducing sides were lower than those of tetrasaccharides from the reducing sides, it is most likely due to the lower efficacy of the second than first 2AB derivatization. Novel hexasaccharides from shark chondroitin sulfate
Discussion
In this study, seven novel highly sulfated hexasaccharide sequences were isolated from CS chains of the shark fin cartilage after exhaustive digestion using chondroitinase AC-I, which is unable to cleave the GalNAc linkages bound to the D-disaccharide unit GlcUA(2S)-GalNAc(6S) (Yoshida et al. 1993) , yielding di-(94%), tetra-(5%) and hexasaccharide fractions (1%; Figure 1A) . Subfractionation of the hexasaccharide fraction was performed by anion-exchange HPLC ( Figure 1B) , and the major components were sequenced by 1 H-NMR, MALDI-TOF/MS and a combination of enzymatic digestion and anion-exchange HPLC, which are powerful tools for the determination of the oligosaccharide structure (Huckerby et al. 2001; Laremore et al. 2010; . While the hexasaccharide sequences in fractions Ia-1 (ΔC-A-D), Ia-3 (ΔC-D-C) and Ib (ΔA-D-A) have been reported (Sugahara, Nadanaka, et al. 1996; Nadanaka and Sugahara 1997; (Table VI) . It should be noted, however, that the octasaccharide sequences ΔC-D-D-C and/or ΔC-iD-D-C, which bind PTN, have been isolated from the embryonic pig brain . Notably, the binding of the anti-CS mAb MO-225 to the novel epitope structures, ΔA-D-A, ΔA-D-D and ΔA-B-D, was revealed (Figure 7) .
Previously, hexasaccharides obtained from a commercial CS-D preparation derived from the shark fin cartilage (Seikagaku Corp., Tokyo, Japan) by partial digestion with sheep testicular hyaluronidase or chondroitinase ABC (Sugahara, Nadanaka, et al. 1996; Nadanaka and Sugahara 1997; Nadanaka et al. 1998) , contained no sequences with two consecutive D-units. It is possible that such sequences with D-units were contained in oligosaccharides larger than hexasaccharides (Sugahara, Nadanaka, et al. 1996; Nadanaka and Sugahara 1997; Nadanaka et al. 1998 ). The main reason why a series of hexasaccharides containing two consecutive D-units could be isolated in this study was the use of chondroitinase AC-I, which cannot act on galactosamindic linkages bound to D-units although it acts on GalNAc linkages bound to O-, A-, C-and E-units (Yoshida et al. 1993) . However, the isolation of ΔC-A-D, ΔC-D-C, ΔA-D-A, ΔE-A-D and ΔA-B-D revealed the resistant nature of these sequences to the action of chondroitinase AC-I, which may suggest steric effects on susceptibility to the enzyme.
Although iB-units [IdoUA(2S)α1-3GalNAc(4S)] are typically found in DS chains from vertebrate tissues, particularly skin (Fujii and Nagai 1981; Damle et al. 1982 ), a hexasaccharide containing an isomeric B-unit [GlcUA (2S)β1-3GalNAc(4S)], ΔA-B-D, was also isolated for the first time (Table VI) . Notably, however, the existence of B-units has been reported based on the results from disaccharide analyses of CS/DS hybrid chains from shark skin (Nandini et al. 2005) , shark liver (Li et al. 2007 ) and mouse brain (Akatsu et al. 2011 ). Yet, this is the first time a B-unit containing oligosaccharide has been isolated from CS chains containing only GlcUA without IdoUA. The resistance of this hexasaccharide to chondroitinase AC-I is at least partly due to the trisulfated trisaccharide sequence GalNAc(4S)-GlcUA(2S)-GalNAc (6S) on the reducing side of the B-D-tetrasaccharide because this particular trisaccharide sequence is also included in the A-D tetrasaccharide resistant to the enzyme. Note that the B-units of the CS from shark fin cartilage accounted for only 0.4% of all disaccharides. Nevertheless, the isolated ΔA-B-D was the most abundant component among the chondroitinase AC-I-resistant hexasaccharides, accounting for 38% of the hexasaccharides isolated.
Although the physiological functions of CS chains containing D-units in shark fin cartilage are unknown, it has been revealed that D-unit containing CS chains play an important role in the nervous system of mammals in vitro as described in "Introduction". Hence, the hexasaccharides containing two 
Numbers in parentheses represent the molar proportion of the corresponding sequence in each fraction. b These sequences have been previously reported (Sugahara, Nadanaka, et al. 1996; Nadanaka and Sugahara 1997; . consecutive D-units isolated in this study may possess such neuritogenic activity, which remains to be investigated. Notably, chemically synthesized CS-E oligosaccharides also show the neurite outgrowth-promoting activity (Rawat et al. 2008) , interactions with various neurotrophins (Rogers et al. 2011 ) and inhibitory activity against axonal regeneration after crush injury in the optic nerve of adult mice (Brown et al. 2012) . CS chains containing epitopes recognized by the mAb MO-225 are expressed around cerebellar Purkinje cells during the first postnatal week Shimazaki et al. 2005) . In fact, the content of D-units in CS chains was higher in the cerebellum than in the other regions of the postnatal developing brain (Mitsunaga et al. 2006; Akatsu et al. 2011) , and the expression of mRNA of uronyl 2-O-sulfotransferase, which is responsible for the formation of D-units by transferring a sulfate group from 3′-phosphoadenosine-5′-phosphosulfate to the C-2 position of GlcUA residues in CS chains, is expressed in the developing cerebellum (Mitsunaga et al. 2006; Ishii and Maeda 2008) . Furthermore, the inhibition of the signaling of PTN and the removal of CS chains containing D-units in Purkinje cells result in aberrant morphogenesis (Tanaka et al. 2003) . These observations suggest that CS chains containing D-units recognized by MO-225 play a role in the construction of the neural network of the cerebellum by regulating the functions of PTN. The epitope structures recognized by MO-225 include oligosaccharides containing ΔA-D and ΔE-D (Yamagata et al. 1987; Ito et al. 2005; ). Three isolated hexasaccharides, ΔA-D-A, ΔA-D-D and ΔA-B-D, strongly reacted with MO-225 as demonstrated using an oligosaccharide microarray (Figure 7) . Although the A-D tetrasaccharide is common to the sequences recognized by MO-225 (Yamagata et al. 1987; Ito et al. 2005) , which is consistent with the present results, the novel tetrasaccharide sequence B-D is also most likely an epitope of MO-225. To date, eight oligosaccharides,
A and E-E-E-E-C, which are recognized by MO-225, have been isolated (Yamagata et al. 1987; Ito et al. 2005; ). The reason why the mAb recognizes such multiple sequences of CS oligosaccharides is not fully understood. Another anti-CS mAb, WF6, developed against CS PGs from embryonic shark cartilage, recognizes two octasaccharides, ΔD-C-C-C and ΔC-C-A-D, which are distinct in primary sequence at a glance, but very similar in the shape and distribution of the electrostatic potential distribution (Blanchard et al. 2007; Pothacharoen et al. 2007 ). Thus, the mAbs MO-225 and WF6 appear to recognize the conformation and electrostatic potential distribution of sulfated oligosaccharides. Recently, we have proposed the concept of "wobble saccharide motifs", which are multiple similar yet distinct sugar sequences with variable sulfation patterns and regulate functional proteins through binding (Purushothaman et al. 2012) . Further analysis of the 3D structure and electrostatic potential of the isolated sequences is warranted.
In summary, hexasaccharides containing two consecutive disulfated disaccharides including D-and B-units, which are recognized by MO-225, might be present in the brain of mammals and useful for structural and functional studies of neuritogenesis and brain development.
Materials and methods

Materials
Shark fin cartilage CS was provided by Maruha Corp. (Tsukuba, Japan). The following sugars, enzymes and mAb were purchased from Seikagaku Biobusiness Corp.: eight unsaturated authentic disaccharides derived from CS and hyaluronan, chondroitinase ABC from Proteus vulgaris (EC 4.2.2.20), chondroitinase AC-I from Flavobacterium heparinum (EC 4.2.2.5), chondroitinase AC-II from Arthrobacter aurescens (EC 4.2.2.5) and the anti-CS mAb MO-225 (mouse IgM). 2AB-labeled unsaturated standard disaccharides were prepared as described previously (Kinoshita and Sugahara 1999) . Bio-Gel P-10 resin was obtained from Bio-Rad (Richmond, CA). Fluorescent amino lipid ADHP was prepared as reported (Stoll et al. 2000; Yamaguchi et al. 2006 ).
Preparation of chondroitinase AC-I-resistant hexasaccharides
The CS preparation (300 mg) derived from shark cartilage was exhaustively digested with 1 international unit (IU) of chondroitinase AC-I, and the digest was fractionated by gel filtration chromatography on a Bio-Gel P-10 column (2.6 × 95 cm) into fractions I-IV. Fraction I, which may contain chondroitinase AC-I-resistant oligosaccharides, was subfractionated by anion-exchange HPLC on an amine-bound silica PA-03 column (4.6 × 250 mm, YMC Co., Kyoto, Japan) using a linear gradient of NaH 2 PO 4 from 300 to 700 mM over 75 min and then eluted with 700 mM NaH 2 PO 4 for 20 min followed by a linear gradient from 700 mM to 1 M over a 15-min period at a flow rate of 1.0 mL/min at room temperature. The eluates were monitored by measuring absorbance at 232 nm. Each fraction was desalted by gel filtration on a Sephadex G-25 (fine) column (1.5 × 50 cm) and quantified by the carbazole method using GlcUA as a standard (Bitter and Muir 1962) .
Disaccharide composition analysis of chondroitinase AC-I-resistant hexasaccharides Chondroitinse AC-I-resistant hexasaccharides (fractions Ia-Ih, 100 pmol each) were individually incubated with 2.5 mIU of chondroitinase ABC in a total volume of 20 μL of 50 mM Tris-HCl, pH 8.0, containing 60 mM CH 3 COONa at 37°C for 30 min (Yamagata et al. 1968 ). Reactions were terminated by boiling for 5 min. Each digest was labeled with a fluorophore, 2AB as described previously (Kinoshita and Sugahara 1999) . The separation and quantification of 2AB-derivatized disaccharides were carried out as described previously (Kinoshita and Sugahara 1999) .
MALDI-TOF/MS
DE MALDI-TOF/MS of each chondroitinase AC-I-resistant hexasaccharide was measured in a linear mode using a Voyager DE-RP/STR-H (Applied Biosystems, Foster). An Novel hexasaccharides from shark chondroitin sulfate aqueous solution of (Arg-Gly) 15 (30 pmol/µL) was first mixed with 30 pmol of each hexasaccharide and then with 1 µL of a matrix solution (10 mg/mL of 2,5-dihydroxybenzoic acid; Juhasz and Biemann 1995; Sugiyama et al. 1997 Vliegenthart et al. 1983; Yamada et al. 1992) . Chemical shifts are given relative to sodium 4,4-dimethyl-4-silapentane-1-sulfonate, but were actually indirectly relative to acetone (δ 2.225) in D 2 O (Yamada et al. 1992 ). The COSY spectrum was acquired using the following parameters: acquisition time 0.18 s; number of points 1024; spectral width 2849 Hz; transmitter power 55 dB; pulse width 7.2 µs; number of transients 256.
Sequencing analysis of chondroitinase AC-I-resistant hexasaccharides Each chondroitinase AC-I-resistant oligosaccharide (1 nmol) was derivatized for high-sensitivity detection with 2AB and purified by paper chromatography (Kinoshita and Sugahara 1999) . Each 2AB-labeled hexasaccharide (100 pmol) was individually digested with chondroitinase ABC or AC-II, and one-half of the digest was subjected to anion-exchange HPLC on a PA-03 column using a linear NaH 2 PO 4 gradient from 0.2 to 1 M over a 60-min period and then eluted with 1 M NaH 2 PO 4 for 20 min at a flow rate of 1 mL/min at room temperature. An aliquot (40 pmol) of each digest was derivatized again with 2AB to tag the disaccharide units released from the nonreducing and internal positions and analyzed by anion-exchange HPLC (Kinoshita and Sugahara 1999) .
Derivatization of hexasaccharides with fluorescent aminolipid and CS hexasaccharide microarrays Isolated oligosaccharides (1 nmol each) were individually dried up and then incubated with 3 nmol of ADHP in chloroform/methanol/water, 10:10:1 (v/v/v), as described previously (Yamaguchi et al. 2006) . After sonication for 5 min, the mixture was heated at 60°C for 2 h and mixed with tetrabutylammonium cyanoborohydride (300 nmol in 2 μL methanol). After sonication for another 5 min, the mixture was incubated in a total volume of 20 μL at 60°C for 48 h. The conjugation was monitored by high-performance thin-layer chromatography as described (Stoll et al. 2000; Yamaguchi et al. 2006) . The fluorescent spot of the resultant conjugate was scraped off, and the ADHP derivatives were extracted with water. Purity was examined by high-performance thin-layer chromatography.
Each ADHP-linked oligosaccharide (2.5 pmol) in chloroform/methanol/water, 25:25:8 (v/v/v) , was applied onto a 0.45-μm nitrocellulose membrane as a band 2 mm in width by jet spray using a Linomat V sample applicator (Camag, Switzerland; Fukui et al. 2002) . The membrane was blocked with 3% (w/v) bovine serum albumin in phosphate-buffered saline, pH 7.4, containing 0.01% (w/v) Tween-20 at room temperature for 1 h and incubated with the mAb MO-225 at room temperature for 1 h. After washing of the membrane with the blocking solution three times, the secondary antibody, goat anti-mouse IgG/IgM, labeled with horshradish peroxidase (Dianova, Hamburg, Germany) was incubated with the membrane in the blocking solution (1: 5000) at room temperature for 1 h. The membrane was washed with the blocking solution three times and then developed with the FAST 3,3′-diaminobenzidine reagent (Sigma, St. Louis, MO; Fukui et al. 2002) .
Supplementary data
Supplementary data for this article is available online at http:// glycob.oxfordjournals.org/. 
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